Forest management, agroforestry and tree planting are some of the key approaches to sustainable rural development, and climate change adaptation and mitigation in West African savannas. However, the planning of land management interventions is hindered by the lack of information at relevant spatial resolution. We examined predictive models for mapping various tree, soil and species diversity attributes with a comparison of RapidEye and Landsat imagery. The field data was collected in the vicinity of the community-managed forest in southern Burkina Faso, where the main environmental threats are agricultural expansion and fuelwood extraction. The modelling was done using Random Forest algorithm. According to our results, tree crown cover and correlated attributes, such as basal area and tree species richness, were predicted most accurately. High spatial resolution RapidEye imagery provided the best accuracy but difference to medium resolution Landsat imagery was negligible for most attributes. Burn scar masked Landsat time series performed similar to dry season single date Landsat imagery, but the former avoids image selection and mosaicking, and could be less sensitive to artifacts due to the burn scars. The presented approach provides valuable information on important tree, soil and species diversity attributes for spatial planning of land management interventions.
Introduction
Land degradation due to agricultural expansion driven by the growing population, unsustainable use of wood fuel and climate variability are the main environmental threats in the savannas of West Africa. Forest management, agroforestry and tree planting are among the key land management approaches to sustainable rural development, restoration of land productivity and biodiversity, and climate change adaptation (Bayala et al., 2014; Sinare and Gordon, 2015) . Furthermore, the tree-based interventions contribute to global climate change mitigation objectives and, for example, the carbon sequestration potential of the agroforestry parklands is widely recognized (e.g., Takimoto et al., 2008) .
The planning of land management interventions is, however, hindered by the lack of suitable spatial information. Data on forest and woodland resources is also necessary for engagement in international initiatives such as Reducing Emissions from Deforestation and Forest Degradation (REDDþ). Although continental scale spatial databases are available for some of the key attributes, such as biomass (Avitabile et al., 2016) and soil attributes (Hengl et al., 2015) , those data have low spatial resolution and miss information, for example, on plant alpha (local) diversity (Revermann et al., 2016) . Some authors have also found existing data unreliable in the savannas (Herrmann et al., 2013; Brandt et al., 2016) . Furthermore, although vegetation and soil attributes can be inventoried in the field concurrently, databases including both types of information are scarce. Therefore, more localized information, and integrated assessments of trees, soils and biodiversity at landscape scale, are required.
Land cover maps based on remote sensing (RS) have been commonly used in ecosystem service assessments, but RS data can be used also for predicting various attributes as continuous variables (Andrew et al., 2014) . Field measurements, for example, from National Forest Inventories, and RS are typically used in combination for generating such information in more developed countries (e.g., Reese et al., 2003) . Fixed area plots employed in forest inventories and carbon projects, and include basic tree measurements, such as, diameters and species, can be used for computing a variety of attributes to characterize forest structure and tree species diversity. In principle, predictive models can be built for any vegetation or soil attribute but accuracy vary considerably between the attributes and RS data source.
In the semi-arid Sudano-Sahelian zone, RS has been used primarily to analyze changes in vegetation productivity and broad vegetation types over large areas, and relatively little attention has been given to mapping tree attributes (Karlson and Ostwald, 2016) . However, mapping tree crown cover (or canopy cover) and biomass, have received growing attention in the African savannas (e.g., Karlson et al., 2015; Halperin et al., 2016) . Tree crown cover is an important attribute in forest definitions, which makes it particularly important for REDDþ (Romijn et al., 2013) , but it has also multiple other applications (Halperin et al., 2016) . Attention on biomass raise from the needs to quantify, map and monitor carbon pools (Avitabile et al., 2016) . In the semi-arid areas, it is also related to biodiversity, environmental processes, such as hydrological cycle, soil erosion and land degradation, and ecosystem variability and resilience (Eisenfelder et al., 2012) . Furthermore, RS can contribute to the assessment of biodiversity in multiple ways (e.g., Lausch et al., 2016) but alpha diversity has been commonly studied by using diversity indices, such as species richness and Shannon index (Rocchini et al., 2016) . However, such approaches to mapping tree species diversity have rarely been tested in Africa (Maeda et al., 2014; Revermann et al., 2016) .
Spatial information on soil attributes related to agricultural productivity and land degradation risks is crucial for planning land management interventions (Vågen et al., 2013b) . Hence, predictive soil mapping has got increasing interest in Africa as soil data has been gathered across the continent (Hengl et al., 2015; Vågen et al., 2016) . For example, soil organic carbon (SOC) and nitrogen contents relate to several important soil attributes, and are sensitive to land use and land degradation (Vågen and Winowiecki, 2013) . Topsoil SOC content is essential for soil productivity, which makes its maintenance an important management goal in the SudanoSahelian zone (Bationo and Buerkert, 2001) . Furthermore, in the West African parklands, a large fraction of total carbon stock typically resides in the soil (Takimoto et al., 2008) , which emphasize its role in carbon inventories.
Reasonable spatial resolution, good availability, repeatability, cost and well-established processing methods are reasons why medium resolution satellite imagery are likely to remain as an important RS data source (Karlson et al., 2015; Halperin et al., 2016) although more advanced, yet expensive technologies, such as Light Detection and Ranging (LiDAR) and imaging spectroscopy, are superior for some tasks (e.g., Fassnacht et al., 2014) . Landsat imagery were made freely available in 2008, most recent Landsat 8 Operational Land Imager (OLI) provides valuable data continuity, and availability of medium resolution imagery is increasing by Sentinel-2 satellites (Wulder et al., 2015) . However, also several commercial satellite sensors provide high spatial resolution imagery with reasonable cost for many purposes. Halperin et al. (2016) compared OLI and RapidEye sensors for tree crown cover prediction in miombo woodlands of Zambia, but in general, comparisons of RS data sources are few in African savannas.
The dry forests and savanna woodlands pose both opportunities and challenges for optical RS (Eisenfelder et al., 2012; Karlson et al., 2015) . The tree cover is relatively sparse in the woodlands and hence reflectance signal should not saturate, which is typical for denser vegetation. In open woodlands, image texture could be also an important predictor of tree related attributes (Djaroudib, 1993) , and hence high spatial resolution could be a considerable advantage. Furthermore, strong seasonality in rainfall drives a phenological cycle that can serve as an additional information source (Karlson et al., 2015; Brandt et al., 2016) . The field layer dominates canopy reflectance throughout the seasonal cycle but the trees have the greatest contribution on reflectance during the dry season when the field layer is mostly senescent (Fuller et al., 1997) . This makes dry season imagery particularly relevant but exploiting the full seasonal variation has become more feasible with freely available data (Liu et al., 2016) . The challenges of optical RS, on the other hand, include large contribution of soil and bedrock on reflectance (Eisenfelder et al., 2012; Karlson et al., 2015) , lack of observations during rainy season (Brandt et al., 2016) , frequent fires (Gessner et al., 2015) , and large number of tree species (Karlson et al., 2015) .
In this study, our objective was to examine predictive models for mapping various tree, soil and species diversity attributes for spatial planning of land management interventions in West African savannas. In more detail, we examined how accuracy of the predictions varies between attributes, and between high resolution RapidEye and medium resolution Landsat imagery. For Landsat, we considered single date imagery from the dry and rainy season, but also examined a time series of all available Landsat imagery for one year.
Material and methods

Study area
The study area was located in the southern Burkina Faso in the Ziro province (11 44 0 N 1 56 0 W) (Fig. 1a) . This area belongs to the Sudanian regional center of endemism (White, 1983) and West Sudanian savanna ecoregion (Olson et al., 2001) . The mean annual precipitation is 827 mm and the mean annual temperature is 27.5 C with most precipitation falling between May and September (Hijmans et al., 2005) . In the K€ oppen-Geiger climate classification, the study area lies in the transition of Arid steppe (BSh) and tropical savannah climate types (Aw) (Peel et al., 2007) . Topographically, the area is relatively flat with a mean elevation of 350 m above sea level. The most common soil type is plinthosols with subsurface accumulation of ironoxides, kaolinitic clay and quartz (plinthite) (Jones et al., 2013) .
Land cover is characterized by woodlands, agroforestry parklands, cropland and settlements (Liu et al., 2016) . The area is an important source of fuelwood and charcoal to the major towns, and majority of the remaining forests is under community forest management and protection (Chantiers d'Am enagement Forestier, CAF) (Arevalo, 2016) . The agriculture in the area is a mixture of traditional subsistence farming of, for example, sorghum, millet and maize, and cultivation of cash crops, such as cotton, sesame and peanuts. Woodlands are partly used for grazing. Furthermore, bushfires due to anthropogenic and natural causes are common in the dry season (Gessner et al., 2015) .
The most common tree species in the woodlands are Anogeissus leiocarpa and Vitellaria paradoxa. Other common species are Burkea africana, Combretum molle, Lannea acida, Detarium microcarpum, Combretum fragrans, Acacia dudgeoni and Balanites aegyptiaca (Valbuena et al., 2016) . The ground layer is dominated by perennial grasses. Scattered Vitellaria paradoxa (Shea nut tree) are the most common tree species in the crop fields.
